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SIUOPSIS 


The present work deals with the study of transport 
and switching properties of the vanadate glass incorporated 
?/ith silver and bismuth, respectively. 

The vanadate glass characteristics have been foixad 
to agree with the data reported by earlier workers . 

The d.c., a.c. conductivity and optical studies 
on the glasses with silver and bismuth indicate a change in 
conductivity levels and a change in conduction mechanism 
from those of the base glass. A model for hopping with 
the metallic species has been proposed. 

The a.c. conductivity and switching studies show 
formation of chains of metallic species. The dielectric 
constant increases drastically with the addition of metallic 
species. 

The switching induced due to the metallic species 
in the glass matrix has been characterised for different 
temperatures as well as, for different mole percente of the 
metallic species. They reveal a strong possibility of 
forming reproducible threshold and memory type of switches 
or any combinations of them. Bismuth seems to be the 
proper choice for getting a stable and reproducible 


switch 
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INTRODUCTION 

Amorphous semiconductors have been very v/idely 
studied jn'jliB recent years with renewed interests, since they 
have opened possibilities for fascinating device of switching 
and memory types, optical mass memories, negative resistance 
devices etc. In this age of computers and especially the 
energy shortage a detailed exploration of such materials may 
prove to be useful, 

1.1 Amorphous' Semiconductors; 

A very abstract definition of amorphous semi- 

( 1 ) 

conductors is given by Mackenzie as, "the homogeneous, 
single phased, and non-crystalline solid in which, (a) bulk 
electronic conduction at the temperature in question occurs 
predominently by electrons (and/or by holes) rather than 
by ions, (b) the temperature coefficient of resistivity is 
negative." 

However, one should note that heterogeneous 
amorphous semiconductors have also been studied in the 
recent years. 
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Glassification of the amorphous semiconductors can 
he made according to their chemical bonding as : 

Covalent non-crystalline solids 

Semiconducting oxide passes 

Dielectric films 

( 2 ) 

Dritzsche has given a detailed discussion of all such 
materials^, So general statements can be made -on these 
materials, since there are many differences amongst them, 
just as in crystalline semiconductors. Since the present 
work deals with oxide glasses whatever is said in the 
following sections mainly concern the second group of 
materials . 

1.1.1 Electrical properties of oxide glasses^ 

The study of electrical properties of semiconduc- 
ting glasses began with the work carried out at the Leningrad 
school under Kolmiets^'^\ on the chalcogenide glasses. They 
appear to behave, whether in the glassy state or liquid 
state, as intrinsic semiconductors virith a bond gap of less 
than 2 ev. A very important property established by the 
school, w h ich differentiates them sharply from crystalline 
materials of similar compositions is that their conductivity 
depends little on purity or stiochiometry. For them the 
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familiar shallovif donors and acceptors of crystalline semi- 
conductors do not seem to exist , This property has the 
result that the conductivity increases by many order of 
magnitude when they crystallise, which is certainly the 

(4 5 '' 

reason ?/hy chalcogenide glass switches show a memory effect ’ 

The structure of glass adjusts itself so that 
each atom is surrounded by a number of nearest neighbours 
such that all its outer electrons are taken up into bonds. 

Thus in chalcogenide glasses, arsenic atoms will be surrou- 
nded by three neighbours and germenium by four. In glasses 
with transition metal ©xides the 3d electrons do not enter 
into bondsj transition within the d shells which absorb 
visible light is therefore possible. 

The vanadium phosphate glasses present an interest- 
ing intermediate case, in which apparently the ion 

in the state 3d’ conform a bond so that the electron is 
tightly bound, or with the different configuration of the 
surroundings does not do so, so that it can hop from 
(V V ) sites with hardly any activation energy. 

Since these (V^O^ - ^ 2 *^ 5 ^ vanadate glasses have been studied 
extensively and explained by a theoretical model of small 
poiaioniliapping , they were chosen for the present study. 

A detailed survey of their properties and their theoretical 
explanation will be given in the following sections* 
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1.2 Electronic Conduction in Vanadate Glasses i 

( 1 ) 

In vanadium pentoxide crystals it has been shown 

that the electrical conductivity increases gradually with 

temperature and no sharp variation in a is observed when 

melting occurs. Whereas in regular ionic oxides like PbO 

a large variation in conductivity occurs abruptly at the 

melting temperature. So it is probable that "^2^5 

also show electronic conduction. 

Por a typical ionic solid, resistivity increases 

with pressure. In vanadate glasses the pressure coefficient 

( 1 ) 

is seen to be negative , Hong with these experiments, 
the electrolysis experiment also proves that vanadate glasses 
are electronically conducting materials. - 

Ihe general experimental features observed by the 
earlier workers have been tabulated below; 

a) The d.c. conductivity of the 3d glasses varies as 

exp(- E/kT) over a region 100 - 700 °K. At T > 300°K, E 

ranges from 'v>0.4 ev in the vanadate glasses to 1.2 ev 

( 6 ) 

in glasses with Hi, Go, or Cu ions'* . 

b) E falls off with decreasing temperature v:::in 
vanadate glasses from 0.4 ev to 0.05 ev. In contrast, E 
in the ciystalline materials are constant. 
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c) $he conductivity mobility (w) is smaller, and the 
activation energy is larger than in the corresponding 
crystal, 

(7) ( 8 ) 

d) She thermopov/er' ' ' (a) and esr signals'' ^ are 
independent of temperature for T > 150®K, indicating a 
constant carrier concentration. She increase in a for 
T < 150°K is not reflected in the conductivity, and this 
resembles the behaviour of certain ferrites. 

e) The a.c. conductivity^^ is of the form o « 

(where n = 0.85) and is independent of temperature at 

8 

frequencies greater than 10 Hz, The static dielectric 
constant is large (20 - 40) in the vanadate glasses and 
increases with vanadium content^^^, 

f) Infrared^ nmr^^^^ and esr^®^ studies show 

that the vanadium ion has a five-fold oxygen co-ordination, 

as in '^2^5* some of the Y20^ pyromids, a PO^ unit 

probably replaces an apex oxygen, but is not clear how the 

¥20^ units are linked. Phase separation^ has been 

observed at high vanadium concentrations and low annealing 

temperatures. Prom these studies it was also observed 

5 *^ 

that the ¥^ site and the V site are identical, and this 
explains the low activation energy for electron hopping 
between the two sites. The studies also indicate that 
valence states less than ¥ are unlikely. 
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1,3 Theory of Electronic Conduction; 

The experimental features given in the above 

( t5 ) 

section along with the fact that no photo conduction exists 
in vanadate glasses, has led various authors to suppose 
that semiconduction is not due to excitation of carriers but 
due to the thermally activated hopping amongst the vanadium 
ions of mixed valency. 

The characteristic of vanadate glasses viz., the 
drop in activation energy with decreasing temperature can 
be explained by^'*^\ 

1) Small poloronic bSmd diffusion at lov; temperature and 
hopping at high temperature. 

2) The hopping of a localization — induced polaron, 

assisted by accoustical phonons at low temperatures and 

optical phonons at high temperatures. 

(17) 

Andersens criterion^ ' for the absence of 
diffusion requires that in order for a small poloron band 
to exist in the glassy state, the quantity 

4E> exp S(T) 


must be sufficiently small. 

where <E^ — mean spread in electronic energy leirels of 

the isolated VOg” complexes. 



7 


J" “ overlap integral 

SCT) — complex function of temperature. 

Since in vanadate glasses, J is of the order of 10^^ of ev^^^^ 


exp S(2) ;c. 10^, 

<E» ■£ 0.01 ev, the quantity in the equation (l) is 


sufficiently small . 

The general theory of small polaron conduction has 
"been discussed in detail by Austin and Mott^ ' . The present 
study concerns only with the application of the same to 
vanadate .glasses . 

Eor a :polaron to be small, r^ - the radius of the 
polaron, must be greater than the radius of the ion on which 
the electron is localized, but less than the distance separa- 
ting these sites • 

For a crystal 


r 


P' 


® ^ 611 ^ 


1/3 


9 


( 2 ) 


where N - number of sites/unit volume. 


Hence the polaron radius decreases as the umber of sites 

I 

increase, A further feature of the small polaron is the 
high effective mass (m*) of the electron inside. 
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The small polaron binding energy - the potential 

energy of the electron and that of its attendent lattice 

distortion for an ionic lattice is calculated to be 

2 

m = i( § ) = % H « (3) 

^ 'P ' 

ignoring the dispersion in 

where ~ optical phonon frequency 

- coupling constant 

•£ - high frequency dielectric constant. 

Jr 

Small polaron theory for conductivity 

Assumptions 

r 

a) Conduction is vanadate glass systems is assumed to take 
place in the ‘d’ band, which is partially filled with 
electrons as a result of difficiency of oxygen in the 
structure. 

b) In the presence of ionic polarization, J - the overlap 
integral would be small, but because of polarization 
the electron phonon interaction promotes small polaron 
formation i.e. 2J < W^. 

c) Transport is due to non-adiabatic hopping. In which 
case the electron has a low chance of maJcing the transfer 
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during each excitation and J can be neglected. 

f 17) 

Condition for non-adiabatic hopping being 

J ^ (Wp/2kT)^ (h (4) 

Low temperature behaviour suggests, - the activation 
energy due to disorder is large and as such will effect 
broadening of the conduction band, as a result conduction 
is restricted to those states whose energy is less than kl 
near the fermi level. This model could be applied to any 
system with large and J small. 

Theory 

The d.c. conductivity for hopping in a d^enerate 
electron gas is given by^"*^^ 

a = H(E^) eVp (5) 

where, N(E^) - density of states aroimd fermi level 
R - separation of sites 

p - jump frequency for activation by optical 
or accoustical phonons. 

In the case of disorder the conductivity in polar materials 
can be split into 
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p = p(opt) + p(ac) (6) 

those due to purely optical and purely accoustical phonons 
respectively. 

p(opt) is dominated at high temperatures 
p(ac) is dominated at lower temperatures. 

At some temperature T°K, number of localized states within 
hT of a given state at the fermi level and within some 
distance r, is 


= N(E^) kl I irr^ 



Hence the energy separating one state from the other 


= kT/.6H = ^ 


( 8 ) 


where P = ^ (9 ) 

H(E^) 

The averaging distance separating the pairs of sites 




Wjj and R can be taken to be the hopping activation energy 
due to disorder- and the hopping distahce respectively (i.e. 
provided > 5J, otherwise not all states at the fermi 

level may be localized). 
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If each localized state is described by the same 
wave fmctiort 

4* = exp (-oR) (11) 

the jimp frequency for non-adiabatic hopping is given by 



P = exp -(2<<R + kl) 

(12) 

Ror accoustical phonon hopping in a polaron glass this 

becomes 


p(ac) 

= exp -(2T+^<tr + P/r\T) 

(13) 

is related to the acoustical phonon frequencies. ^ 

Rrom Mott’s argument a maximum in p(ac) will occur when 



a-= 2p/r'^ kT 

(14) 

Hence 

X 

p(ac) = exp -(2 y + B/I^) 

(15) 

where , 

B = i.7(4^r 

(16) 


If the temperature dependence of y and are ignored, 

from eqns. (5) and (15) we get 

«e . exp(- B/T"^) 


X 

a{ ac ) I® 


(17) 
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(17) 

Fi-om Holstein’s^ proposition in crystalline materials, 
it was proposed that the jimp frequency of a(opt) in. the 
case of vanadate glasses is given by 

(W^ + 2WpG)2^ 

p(opt) = Pq exp -(2«R + •) (18) 

for T ^ ~ © 

where , 


■yy _ P/r^ — ^ 

Wp - r/r - 

(19) 

tanh(h (0 /4kf) 


^ - h u /4kT 

(20) 


© is the debye temperature . 

Hor, Wp large the p(opt) maximum occurs at 

^ ^ + 2P^ 

Qr'^d/rp - 4/3r)G 9Qr® (l/rp - 4/3r)^G 


^) 

9r 


( 21 ) 


where , Q = e /^Tt Ep 

When the density of states is low, 

. 


Wp - pC 


4Tr 
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and hence the last two terms of the eqn. (21) become negli- 
gible. Change in a(opt) should be noticeable and will take 
place at a temperature given by substituting E = in 
equation (21). At higher temperatures, 


a (opt) oc exp(- C/kT) 


where, C = (W^^ + 2W^)y8W^ 


( 23 ) 


When T > T the temperature dependence of y should be 
considered. At lo?/ temperatures the factor C becomes 
important in the expression for p(opt) making it a decreasing 
function. 

( 15 ) 

The total activation energy is given by^ 



1,4 A.C. Conductivity and Dielectric Constants; 

Consider a pair of centres at a distance E apart 
with energy levels differing by . If W^kT » 1 , the 
population of the upper level is exp(- W^y^kT) . In the 
presence of field it is increased by +eEP/kT, A dipole is 
produced by this transfer of charge and the energy of the 
induc-ed dipole in the field is 
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— exp(- wykT) 

The static dielectric constant averaging overall directions 
of R is. 


^o “ 


= 3^ W^kT) 


(25) 


and hence 


2^2 


W, 


o(m) •= ^ exp(- 


2 

a> T 


0 




1 + 


(iF 

O 


(26) 


1/ is the probability/unit time for a jump downwards. 

By the single phonon transition approximation by Miller and 
Abrahams^ , 1/^^ is independent of T and contains a tunn- 
eling factor, exp(- 2“R). When polarons are formed, 
could be deduced from S chackenberg ’ s ^ ^ paper, the inter- 
action being with acoustic phonons. 

If we write = x^ exp(2aR); 2oR = ln(l/« “tto ) 5 
2“^R = 1, where, A R is the range of values of R. One 

finds that the eqn. (26) predicts a variation of the form 

0 8 

u{oi) a a and proportional to the temperature. 


1.5 Optical Properties; 

f 21 22) 

The small polaron theory predicts ’ u a 
G-aussian-like absorption at hv = 2Tirp. Here Wp is the 
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polaron binding energy, and the energy for thermal transfer 
(Wjj) is < 2Wp. Thus 


W . < 

opt — 


4W, 


H 


( 27 ) 


This absorption corresponds to a B'rank-Condon excitation 
of the electron out of its polarization well. In the vanadate 

system it is equivalent to a charge transfer between 

5 + ( 22 ) 

and ¥ ions, v/ith broadening due to disorder . 

For vanadate glasses it is observed^ that, 

for hv > 2.5 ev a steep edge occurs with a long tail 

extending to lower energies. 


1.6 Switching Properties: 

There are two types of switching observed in 

general. 

(a) Threshold switching: In this case the material goes 
from a high resistance state (OPP dtate) to a low resistance 
state (ON state), when the applied voltage exceeds a certain 
value called the ’ threshold voltage ’ . If the applied 
voltage is lowered below the minimum value the material 
reverts back to the OPP state. 

(b) Memoiy switching: Here the low resistance state is 
maintained even after the zero bias is reached. 
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The switching mechanisms in amorphous semiconductors 
can be classified into three main classes as, 

(a) Electronic mechanism including thermally induced 
electronic brealcdovioi, 

(b) Phase change mechanism, 

(c) Purely thermally breakdown. 

A summary of which is given by Murthy^^^^. 

Switching in vanadate glasses; 

Higgins^ and Reegan^^^^ have observed threshold 
switching in these glasses in the temperature range -4-0 °C 
to 100°G. They found that the switching could be observed 
only in the glasses with ratio in the range 10-27^. 

They also observed that the threshold voltage decreases 
with temperature and becomes zero at 68°C. The character- 
istics were found insensitive to additions of oxides of 
hi, Hla, K, Mg, Ga, Sr and Ba. The switching mechanism in. these 
glasses are believed to be due to the electronic mechcnism. 

1 ,7 The Y^O^ - P20^ - RO Systems: 

(27 1 ) 

Ioffe ’ studied the vanadate glasses containing 
Ea 20 and observed that the ratio of ionic conduci^on-: cnirtri- 
bution to the electrical conductivity is negligible even 
when 10.8^ of Fa 20 is present. 
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In place of RO different VO compotinds have been 

Ji\m 

(12 28 ) 

introduced^ ’ and a large change in d.c, conductivity 
was observed. Thisr'-was attributed to the change in the 

ratio. A systematic survey of the effects of WO^, 
Ge 02 j Si 02 j le 02 ^•<idi'fcions upon the electrical 

conductivity of 80/20 vanadate glass has been made^^^^. 

It has been reported that the glass is relatively uneffected 
by the replacement of oxides. It was hoY/ever observed that 
¥0j - ^ 2 ^^^ glasses exhibited a pronounced change in d.c. 
conductivity with a small '^ 2 ^^ addition. 

1,8 Glass-Metal Composites: 

Metal particles are introduced into the semi- 
conducting glass matrix, so that the metal particles get 
distributed almost uniformly into the matrix. Such an 

introduction of metal particles could be made by several 

t' 

processes, like ion exchange and reduction which give surface 
modifications only, the other is by precipitating of 
particles in the matrix. 

Ion exchange of the type Ra -*■ Ag and reduction 
has been tried on several oxide glasses containing bismuth 
oxide and their surface conductivities have been measured . 
They show many exciting features v/hich are not yet under- 
stood completely. These glasses have shown the electric 
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field induced filamentary conduction also. Such a pheno- 
mena has been shown to induce memory switching properties 
in the glass. 

The present endeavour is to detect similar changes 
in the low conducting vanadate glasses. The fact that they 
are low conducting and easier to study makes it attractive. 
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CHAPTER 2 

0BJEGTI1/ES OP IF7ESTIGATION 

It has been observed earlier^ in sodium boro- 
silicate glasses that, after ion exchange of the type 
(Ha*^ -»• Ag,"^) and reduction in hydrogen, they shov/ memory 
type of SY/itching. It has been suggested from indirect 
evidences, that semi conduct ion in these glasses arises due 
to electron hopping between metallic bismuth particles. As 
a continuation of this line of investigation, it is thought 
that interesting electrical behaviour can also be induced 
in some of the semiconducting oxide glasses. Vanadate 
glasses have been studied extensively to date and their 
transport properties have been explained by the non-adiabatic 
hopping of small polarons. 

The objectives of the present investigation are : 
the following, 

(1) P.G., A.C., conductivityj dielectric; and switching 
studies in vanadate glasses containing silver. 

(2) P.C., A.C., conductivity; dielectric; and SYTitching 
studies in vanadate glasses. containing bismuth. 

The compositions chosen for the study are given in Table 1. 
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CHAPTER 3 

EXPERIIMTAL PROCEDURES 

3 . 1 Glass Preparations 

The V~0 system is quite a complex one* In addition 
to the atahle compounds , VO , ^2^3’ ^^2 

narrow homogeneity ranges, there are compounds with wide 
homogeneity range like , VO and magneli phases of the 

general formula ^ ^n^2n+1 

4 and 8). Several ne?/ unidentified phases also exist in 
the region VOg -- ^2^5* forms a solid solution with 

metallic vanadium upto about 11 mole percent, - VOq 
distorting the cubic lattice of vanadium. 

3.1.1 General principle of preparations 

Since vanadium pentoxide by itself is not easily 
rendered into vitreous state, one has to choose a multi- 
component system involving other oxides. Guch systems 
should preferably give a homogeneous melt which can be 
supercooled to give a rapid glass. A semiconducting oxide 
glass may be fused with a 'network former’ such as SiO^ 
or 1*2^5’ with or without a modifier such as FagO or CaO. 

It has been shown^y^ that, for all temperatures below glass 
transition temperature the mobility of divalent or higher 
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valency ions is. very low for all type of oxide glasses, 
fiirther the polyvalent ions impede the motion of alkali ions 
which may be normal current carriers, 

Tanadate glasses have been prepared with various 
compositions of VgOp. ranging from 50 to 90 mole percents, 
by Lynch^^\ Sayer^^^ and others. They observed that melting 
in air could form azides in the glass, and hence their 
preparations were done either in argon or oxygen atmosphere. 
They also observed that the conductivity of such materials 
depends very much on the ^ 2^5 mole percent and 
ratio. So a control of stdrchiometry in the glass 
preparation becomes important, 

3 . 1.2 Control of stMchiometry 

Prom the above discussion, and from the phase 

diagram of the VO complex, it is clear that even a slight 

disturbance of the oxygen state from x = 2 . 5 > can produce 

other compounds of VO , and the short range structure in the 

quenched glass can change. Such variations can certainly 

influence the conductivity of the ultimate glass, that is 

( S 1 ) 

obtained. Kinser ^ explained this as follows. 

When say, a SOY^O^ - 10P|0^ glass is melted, 
the loss in oxygen would allow a reaction of the type 

VgO^ — ^^^2 "thke place. 
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This reaction is never completed, and hence the final 
composition would lie somewhere betvreen SOV^O^ - lOP^O^ 
and 94.7^02 - 5.312^5* result is therefore supposed . 

to be a mixture of two vanadium oxides and phosphorous c 
pent oxide. 

The oxidation state can be controlled by passing 
oxygen or hydrogen into the melt, 
i) While passing oxygen, through the melt, it is necessary 
to control the oxygen partial pressure. For example 
at 750°C the free energy of the reaction 
^2^5 ^ ^^^2 ^*^2 21,6 Foal and equilihrium 

constant is 2,5 x 10'^ . Hence the nitrogen gas with 

_5 

oxygen partial pressure of 5 x 10 atm. would give a 
ratio of 0.5, res-ulting in concentration 

of 15?^. 

ii) While passing hydrogen through the melt, it is 

necessary to control the time of reaction. This is 
because the free energy of the reaction 
Y^Orr + Hx -*■ 2Y0- + 2H„0 is (-24 Kcal) and the 

equilibrium constant is (1,2 x 10^). 

3.2-3 Preparation of glass for the present work 

fflasses of the composition (1) 80Y20^/20P20^, 

(2) 7OY2O ^/3GP20^ were prepared for a comparison of the 
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the measurements with the reported measurements. Since 
the present interest was to study the effect of the 
incorporation of metal particles in these glasses, no 
importance was given to the stoichiometry control^.. However, 
the melt temperature before quenching to the glassy state 
was maintained constant around 900°C. 

The method of incorporating metal particles by 
the ion exchange and reduction on the surface were tried. 

A glass with Fa^O as one of the composition was prepared. 
This was used to get an ion exchange of the type 
Fa Ag by heating in silver nitrate solution. Since 

the vanadate glass softening temperature is around 250 °C 
and the silver nitrate melts only after 220°0, this method 
of incorporation was found unsuitable. 

Glasses with silver were prepared with the 
addition of Ag2S0^ in u the base glass composition.' The 
melt was maintained at 900°G for an hour and agitated 
thoroughly by a ceramic rod. This process precipitates 
silver in the glass. The melt was cast into a Y/ater 
cooled copper plate. The high mole percent vanadium 
pentoxide glasses were prone to be very brittle. They 
were transferred almost immediately after quenching, 
into an annealing furnace, where they were annealed for 
24 hours at '150°C. 



24 


Glasses with bismuth were prepared by adding 
bismuth oxide (Bi20^) into the base glass composition. The 
preparation is similar to that of the glass with silver. 

All the glasses were melted in a non-porous 
alumina crucible and were exposed to air. They were heated 
slowly from room temperature to 900°G to avoid the loss 
of ^*2^5 composition. Bulk glasses prepared as 

mentioned above v/ere polished by silicon carbide particles 
of 250 mesh. If water is used as a medium for polishing, 
the glasses were found toXeaT® vanadic acid. This would 
give rise to a possibility of change in the vanadium 
concentration at the surface. This in turn would give 
contact problems. Hence using of v/ater was avoided during 
polishing, instead acetone was used. These glasses were 
cleaned in acetone vapours and preserved in a desiccator. 

3.3 Preparation of Glasses in Thin Pilm Pormt 
3.3.1 Blown thin films? 

The viscosity of the melt in the alumina crucible 
was controlled by changing the temperature suitably, to 
make the blowing of films possible. Films m^ere blown by 
a controlled passage of nitrogen through a quartz tube, 
which is dipped into the melt. The blowing is done 
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immediately after the quartz tube v/as removed outside the 
furnace, so that both quenching to room temperature and 
film formation takes place simult aneously . The thickness 
of the films blown in this way range from 10 - 100 micro- 
meter. In very thin films non-uniform distribution was ' 
observed. ?/ith increasing thickness the films became 
brittle. So the optimum thickness films (25 - 50 micrometer 
were used for measurements. This method of blowing films 
from the melt does not vary the stoichiometry of the melt. 
Hence this method is supposed to be very effective. 

3.3.2 Thin films by evaporation of glass; 

Although glass evaporation by sputtering of 

glass in argon atmosphere is supposed to be the best, the 

vacuum evaporation methods have been shown to give thin 

(24) 

films similar to blown films in properties . Hence 
a trial for the deposition of thin films of vanadate 
glasses was made . Tungsten and molybdenum boats were 
found useless, as they got corroded before the glass 
evaporated and no further heating was possible. The black 
charred material found on the surface of the boats was 
thought to be a compound of the respective materials 
with vanadium oxide. Sraphite crucibles with a coating 
of alumina on the inner walls were found best suited 
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for the eTaporation of vanadate glasses. .The glasses 

0 

evaporated had a thickness in the range of 1000 - 5000 A. 

The thickness was measured by the standard interference 

0 

technique which was accurate to 25 A. 

3.4 Electrode Properties: 

It is very essential to standardise the electrodes 
used for glass specimens before any meaningful studies on 
transport properties could be carried out. We can classify 
the contact problems according to the different properties 
they exhibit. 

(i) Space charge layers; When a metal is placed in 
contact with an amorphous semiconductor the difference in 
electronegativity of the materials will cause a transfer 
of charge until the two fermi levels of the two materials 
are equalised. They may come to equalibrium with a 
certain space charge layer formed if any surface states 
are present. Both the existence and the sign of the 
space charge can be observed by studying the barrier photo- 
voltage, i.e. the light induced change of the resistance 
as a function of wavelength and the barrier capacitance. 
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(ii) Capacitaxice s Vsin Roosbroeck and Casey 
explained recently that under certain circumstances, even 
ohmic conduction at low fields can be dominated entirely 
by space charge and contact effects. Thishappens in the 
so-called 'relaxation case', when a semiconductor whose 
diffusion length life time is short compared to the 
dielectric relaxation time, the glass is contacted by a 
barrier space charge current. This situation can be 
detected by scaling of resistance with electrode separation, 
and also by measurement of capacitance as a function of 
frequency. However capacitance measurement may be very 
difficult if the contact resistance is veiy loYf, The most 
quantitative methods would be to measure the barrier 

(54) (35') 

photo-voltage or the thermostimulated depolarization . - 
The low frequency parallel capacitance ?^ill be 
orders of magnitude higher compared to the high frequency 
capacitance, if a space charge polarization exists. The 
space charge capacitance can only be measured if the 
dielectric relaxation time ^ corresponding to 

space charge polarization is different from that pertaiaing 
to the biiLk. It is obvious from this that one expects 
a change in capacitance depending on the relative 
magnitudes of the thickness and relaxation times of the 
space charge region and the bulk. 
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(iii) Rectifying property: It has been observed in most 
of the amorphous semiconductors which show space charge 
polarization, the I-V characteristics remain linear. This 
is because amorphous semiconductors are intrinsic in 
character. However in the case of vanadate glasses with 

a high mole percent of ^ 2 ^^’ blocking contacts occur ^ , 

' It is obvious from the above discussion that a 
study of the I I-V characteristics, capacitance variation 
with frequency, change of current with time , conductivity 
variation with thickness of the glass, observation of 
barrier photovoltage and thermostimulated depolarization, 
reveals the different aspects of the contact problems. 
However from the above discussion we also note that it 
would be sufficient to carry out the first three experiments 
to assure the goodness of the contact. 

(iv) Choosing of the proper contact for vanadate glasses: 

mentioned 

The three experiment s/above were carried out for the 

vanadate glasses with the contact metal as (1) Ag paste, 

(2) Alimainium evaporated, and (3) Cold evaporated. 

The study reveals that, the capacitance has a 

wide dispersion in the case of Ag paste and Aliminium 

electrode on glass icjand 3, as shown in figs. 35, 36. In 

the case of Ag paste on glass 1, the capacitance value 

4 

ranges from 10 - 10 PF, T/ith aluminium electrode it 
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4 

ranges from 50 - 10 PF, whereas with gold it ranges from 

3.4 - 3 . 6 . PP.1 Hence with the gold electrode the space 
charge polarization was thought to be niinimum. 

The 1-Y characteristic studies and current vs. 
time curves (fig, 34 ) indicated that gold acts as a non- 
blocking electrode. Hence gold was chosen as the contact 
material for the transport studies. 

3.5 Sample Holder: 

Since the phosphate glasses are prone to absorb 
atmospheric water vapour, all the measurements should be 
done in a dry atmosphere. Oxidizing or reducing atmospheres 
would change the oxidation state of the glass. Hence one 
has. to do the measurements in an inert atmosphere like 
nitrogen. The water vapour even if present in a low 
percentage, could easily condense when the cell is taken 
to lower temperatures. To remove any such possibility one 
needs to evacuate the cell- to maintain a low pressure dry 
nitrogen gas. 

A measiuring cell v/as constructed considering all 
these necessities. The figure 0.1 shows descriptions of 
the cell. The leads from the sample holders were taken 
through a teflon connector. The vacuum sealing of the 
connector was done with silicone rubber. The leads were 



To Nitrogen 
cylinder 



ACorDCM M Sample 

Source | ► y input To Hawelet - P ackard recorder 2P7 

o (Or Oscilloscope) 



FIG. 0-2 BLOCK DIAGRAM FOR AC CONDUCTIVITY MEA5URMENT5 
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shielded by copper tubes with an insulation by cer^L.o 
beads between them. The teflon connector was kept cc^l.^ by 
passing water around it. 

A sample holder (l) was made of alumina base. 

The sample holder had provisions for pressure contacts mao^-, 
of phosphor bronze strips. 

Another sample holder (2) was made for measurements 
vyith thin films. This was also of.v.alumina base, but the 
pressure contact was with a spring. 

Capacitance and bulk conductivity measurements 
were done wmth sample holder (l). The leads from outside 
the teflon connector were taken with shielded cables. The 
connectors used were shielded BNC connectors. The total 
capacitance of the leads and sample holder was around 1 PP. 
The sample holder (2) had a resistance of five ohms, 
because of the spring. 

3.'5 Methods of Measurement; 

3.6*1 D.C. conductivity measurements; 

Sufficient care ?v’as taken to choose the contact 
material for the glasses, as described in the Section 3.4. 

For d.c, measurements to be reliable, one has 
to note that the voltage drop across the current measuring 
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device must be negligible, i.e. it should have a very small 

internal resistance. Impedance of the voltage measuring 

device must be large with respect to the specimen resistance. 

The circuit used is shoYm in the fig .0^2. In measurements 

of resistance when the sample resistance was less than 10^ 

ohms, a Hawelet Packard YT7M (410 C) of internal resistance 
6 

10 ohms was used. Current measurements were done by 
observing the voltage drop across a minimum possible 
resistance. Por sample resistances greater than 10 ohms, 
either a Electrometer (GEE 12^0A) or a Digital Picoammeter 
(EOIL EA815A)was used. A resistance r, was used to attenuate 
the voltage applied. Since the current path takes the path 
of least resistance, care was taken to deposit electrodies, 
such that the top electrode is in the centre of the sample. 
This minimises the surface conductivity between the 
electrodes. Eor surface conductivity measurements, elec- 
trodes YYere deposited on one of the surfaces with a gap 
of 1 mm. 

3.6.2 A.C. conductivity and dielectric measurements? 

The samples were coated with gold electrodes with 
a gaurd ring on the top electrode. Sample holder (2) was 
used to make the pressure contacts for the measurement. 

The apparatus used for capacitance and loss me asm? erne nts 
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are indicated in the fig. 0.2. fhe capacitance bridge 
type 1615-A was nsed along with the detector type 1232-A 
and generator type 13 II-A. Three terminal binding post 
connection was used for the measurement. In this type of 
connection, the capacitor terminals were connected to the 
H and binding posts and the gaiord ring to the GHD post. 
The shield of the cables and outer case of the cell was 
also connected to the GND post. The self check for the 
bridge was done as mentioned in the mannual. The capaci- 
tance of the shields and cables used was determined. The 
total capacitance of the unit without the sample was 1 PF. 
To make sure that the measxiring methods were proper, the 

following experiment was conducted. 

5 

A resistance of 10 ohms and a capacitance of 
86 PF were connected in parallel and plugged to the H and 1 
binding posts. The dessipation factor (D) and the 
capacitance (C) measured v/ere 0.16 and 87 PF at 100 KHz. 

The d.c. dissipation factor was calculated to be 0.16. 

This was checked at various frequencies, hev 

Whenever the D max scale measurements were done, 
the a.c, conductivity (G) was calculated by 



= “ 


( 28 ) 
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wh-ere, w = 2Trf 5 f = frequency in Hz; Rp = parallel resis- 
tance; Cg = series resistance; D = bridge read out multi- 
plied by the frequency in KHz. Basic D accuracy is 
+ (0.1?S of measured value +10 ppm) at 1 KHz, and over most 
of the range from 50 Hz to 10 KHz. 

Whenever G Max scale was used, the a.c. conduc- 
tivity can be directly read from the scale (with a multi- 
plication factor, M, as indicated on the C Max scale). 

The basic G accuracy is + (1% + O.OOOOIv mho). This is 
independent of frequency from 50 Hz to 10 KHz. D can be 
calculated from the G measured by the relation given in 
eqn. (28). 


The dielectric constants were calculated using 
the following relations 

= dessipation factor = e"/ e' = (tanS^^g - tanSpg) 

(29) 



tanS^^g — ^loss measured, 
= tanSjg = 


(30) 


e'^ and e’ are the imaginary and real part of the dielectric 
constant respectively. 

e* = CH/e^A ; e" = e* 


(31) 
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where, = 8.85 x 10~ I'/m, H is the thickness of the 

2 

sample in cm and A is the area of the electrodes in cm . 

The e’ and e" were rechecked hy the relations, 

“^o^" = 5 e« = eVD-j (32) 

3.“^ Characterisation of the Glass; 

3.f.1 2-ray measurements; 

2-ray spectra of both the vanadate glasses and 
the metal-glass composites were taken. All the glasses 
show very broad peaks characteristics of amorphous materials 
(fig. 0.3) j which were attributed to the ^ 2 ^^ compound. 

No specific peaks v/hich could be attributed to silver/ 
bismuth metallic particles or its compounds were found. 

This is probably because the metallic particles are less 

0 (30) 

than 100 A in size. Chakravorthy has also foimd 

similar difficulty in silver containing borosilicate glasses 

He could, however, detect the silver particles by electron 

microscope photographs. 

3.f.2 Chemical analysis; 

The volumetric analysis was carried out to find 
the total vanadium and reduced vanadium concentration. 
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The sample was groimd well and dissolved thorou- 
ghly in water with a slight addition of concentrated 
sulfuric acid. This was titrated with potassium 
permanganate (M'lnO^) lJ/10 solution. From the volume of 
the KMnO^ consumed, the vanadium concentration was 
calculated using the relation 

1 ml of 0.1 If KMhO^===> 0.005094 g. of vanadium 

This vanadium concentration corresponds to the reduced 

vanadium, since KldnO^ is an oxidizing agent, and the 

reduced vanadium would get oxidized during the titration. 

4 + 

Since the valence states less than V were foimd unlikely 

(35) 

by esr measurements , the reduced vanadium concentration 
4+ 

was taken for V concentration. 

The oxidized solution left from the first , 
titration was reduced completly, i.e., till all the 
vanadium gets reduced, using ferrous ammonium s-ulfate 
(1JH^)2S0^ FeS0^.6H20 , The excess was removed by adding 
potassiiua dichromate. The point of complete reduction 
was checked by putting a drop of the solution on 

solution. This solution isagain titrated with 
KMnO^ to give the total vanadium concentration. The 
concentration of "^ 2^5 calculated using the relation 

1 ml of 0.1 N »=-^-0.009094 g* 
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iill the titrations with KMnO^ were done in ice 
cold solutions. The end point v/as noted v/hen the colour 
remains for 30 seconds. The total vanadium concentration 
was also checked by a gravimetric analysis Table 3 

gives the analysis for different glasses. 


3.?. 3 Density measurements 2 

Dibutyl phthalate was used as a medium to find 
the density of vanadate glasses. The weight of the glass 
in air (Wg) and the weight loss (Wg - W^) in the liquid 
were measured, and the density v/as calculated using the 
relation 



(35) 


Table 3 gives the density values for all the glasses. 


3.8 Optical Measurements: 

Optical absorption spectra were taken with the 
blown films of the vanadate glass. The absorption coeff- 
icient (“) v/as calculated using the relation 
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where, A is the absorbance = log 1^/7; 7 is the transmitted 

intensity = I^e“ p is the density in g/mli t is the 

thickness of the. specimen in cmj x is the concentration of 

the transition metal ion (T.M.I.) in the glass in mg/g.j 

is the absorption coefficient = and k is the 

extinction coefficient. The measurements were done in the 

0 0 

range of 12,000 A to 2,000 A on the carry-14 instrument. 



38 


CHilPTEE 4 

EXPERIMEETilE EESELTS 

4.1 Electrical Conductivity; 

The temperature dependence of d.c. conductivity 

was studied in the range 100°K to 500 °K. Gold coating 

by vacuum evaporation was done to deposit the electrodes. 

The pressure contacts and sample holder described earlier 

were used for taking measurements. 

The temperature dependence was plotted as log p 

versus l/T. The figures 1 to 7 show the temperature 

dependence of log (resistivity) of the glasses 1 to 7 

respectively. iCLl the glasses show a linear temperature 

dependence at higher temperatures, usually above 200 °K, 

in accordance with the eqn. (22) of Section 1.3.2. The 

change of slope occurs around 200°K *= 1/3 © (where 

© = 600°K in vanadate glasses), as was found by the earlier 

workers^ , The glass no. 1 has been compared with the 

( 9 ) 

Sayer and lilansingh curve for the same composition, in 
the figure 1 . The agreement between the curve is satis- 
factoiy. 

To find the agreement with the eqn, (17) of 
Chapter 1.5, the log p versus (l/T)"''^'^ plots have been 
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drawn in the figures 1 to 7 for all glasses. 101 the 

glasses show linear dependence with a change of slope at 

lower temperatures, immaterial of whether the glasses 

contain silver or bismuth. However a two stage freezing 

of the conductivity was found in the 5 mole percent silver 

glass (no. 3) (the discussion of which is given later), 

Prom these graphs the value of C and B were 

estimated. They have been listed in Table 4. In glasses 

as the ions are further separated than in crystals , the 

1 

approximation = 2 found to be a good one^ . 

Where, Wjj is the activation energy for hopping. Hence 
from eqn. (23) ofSection I. 3 , assuming very small we 
get 


C _ Wjj + 2 % 


= W 


tot 


(35) 


So the value of C in ev gives the total activation energy 
at any temperature. Por temperatures less than ©/3, the 
multiphonon process of higher temperatures freezes to a 
single optical phonon process and thiis the total activation 
energy decreases to a value with Wg. = h (where, is 
the optical phonon frequency). However it has been foimd 
that G at lower temperatures is very sensitive to 
preparation methods, annealing etc., suggesting that 
term dominates. Hence 
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0 ~ W" 

lowest temp. ~ 2 ' 

At lower temperatures the analysis from eqn, (22) 
would not be proper, since the accoustic hopping dominates, 
as explained in Section 1.3. Hence the low temperature 
slope B of log p versus (1/1)^^^ was used. Using eqns. 

( 10) , ( 16) , ( 19 ) , vre get 




W (a R )^ 1/4 

4 ^ 4 . 


( 36 ) 


where, is the distance between the sites calculated from 
density 

„ _ f density of glass 

o “ ^density of "^2^5 crystals/ ^ ^ ' 


Since on estimation of a from the eqns. (15), (21) and (22) 

0 «.| 

is very complicated, a value of a = 2,5 A was assumed (This 
value was suggested by Austin ) . An estimation of the 
activation energy for disorder was done by eqn. (36). 

Using eqns. (9) and (2) the H(E^) - density of states aroimd 
fermi level, i-p - the polaron radius, and a = (l/U)"'/^ - 
the average distance between the hopping sites, were 
calculated. The values for the same have been tabulated 


in Table 5. 
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The values of i;, shown in Table 5} seems “to 
be very high (> kT = 0.1 ev) in most of the eases. This 
was also noticed by Austin^ ' in his calculations. It was 
suggested by him that this analysis would be true only 
at very low temperatures (less than 50°K) . Recently the 
curves have been fitted to aaequation of the foim 

T^ exp(- Wj^kT) (37) 

for accoustic hoppings^^^^ . 

Prom the present calculations it was found that 

•z 

the number of atoms/cm'^(lO is in general of the order of 
22 5 

10 atoms/cm^. The silver containing glasses had R 
greater than in vanadate glasses and the bismuth containing 
had P lesser than or of the order of the P in vanadate 
glasses. 

The radius of the polaron seems to decrease with 
the addition of the silver/bismuth particles. 

To find the effect of the silver and/or bismuth 
particles on activation energies, it is necessary to 
calculate the variation of the same as a function of the 
site separation (R). 

(41) 

It is assumed that the Killias model of 

random jump distance holds. At the instant of hopping, 



42 


polariza,tion clouds are created at the two sites, and these 
overlaps giving a partial reduction in Killias^^"^^ 

proved formally that increases linearly with site 
separation, thus 


% = + S( AR) (38) 

The fluctuations in R (= aR) generates a random- potential 
(a aR) . Rrom eqns. (45) and (3),' v;e get 




(39) 


This can be combined with the tunnel term in eqn. (18). 
Thus the fall off with distance (a) is increased to. 


a+ a/2kT (40) 

This term (a/2kT) has been calculated both at 500°K and 
100°K for different glasses and is tabulated in Table 5. 

V/e observe that in silver containing glasses (a/2kT)^QQog; 
increases with the silver concentration and in bismuth 
containing glasses (VRkT)^^^^^^ is usually greater than 

(i/2kT)^QQog-. 

To detect the variation of conductivity with the 
addition of silver/bismuth the log p versus 1/T of all 
the seven glasses Y/e 3 ?e plotted together (figure 8) . 
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Since it has been fonnd^^^ that the conductiTity 

varies with the variation of the ratio ^ and also 

tot 

with the mole percent of "^2^5 glass, the observed 

values of conductivity req.uire normalization 7/ith respect 
to these quantities. 

Here it was assumed that the conductivity varies 
in a Gaussian way around = 0.11, and the reported 

variation for 90 mole percent of "^2^5 holds. The observed 
values have been indicated in fig,. (8) on the 
versus conductivity curve. 

Normalizing the conductivity values to 1.0 from 
this curve a graph of conductivity with mole percent of 
has been plotted in fig. 8. 

This shows that with the addition of silver/ 
bismuth the total conductivity at 25 °C is reduced by 
approximately on order of magnitude and the difference 
increases with lowering of ^ 2 ^^ mole percent in the case of 
bismuth and decreases in the case of silver. 

To find the temperatirre (T^,) at which the single 
phonon freeze out starts, a plot of activation energy 
variation with temperature has been drawn in fig. 9 . It 
seems that the temperature (T^) increases with the 
addition of bismut h/silver. A hump in the curve v/as 
found around 110 °K, for the 5 mole percent silver 
containing glass. 
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4.2 Surface Cond.uctivi'by Measurements: 

The vanadate glasses and the silver/bismuth 
containing glasses v/ere reduced in hydrogen atmosphere 
for 4 hours and their surface conductivities were measured 
with gold electrode (Table 6, figure 26), Except for the 
decrease in the conductivity no appreciable change was 
found between the vanadate glasses and the silver/bismuth 
containing glasses. 

The activation energies calculated were approxi- 
mately half the same from bulk conductivity measurements, 

4.3 A.G. Conductivity: 

A variation of A.G. resistivity with temperature 
has been plotted for a temperature range of 300°K to 100°K, 
and a frequency range of 100 KHz to 20 Hz for the glasses 

'Z 

1, 3, 4 and 7} in the log versus lOvT curves (figures 
10 to 13). They show a linear increase, at higher temper- 
atures, which becomes independent of temperature at lower 
temperatures. At higher frequencies the flattening is 
faster. This observation is similar to the behaviour 
reported for vanadate glasses by the earlier workers ^ ^ . 

To find the variation of conductivity with 
frequency a plot of log (resistivity) versus frequency is 
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made in (fig. 14). The Tallies of the slope (m) have been 
tabulated in Table 7. It was found that at lowest temper- 
atures the slopes tend to a value 1 ,0 and- at higher temper- 
atux'es it tends to zero. No natural tendency for a change 
in m has been found with the addition of bismuth/silver . 
However in glass 4:. with 10 mole percent of sil'ver a value 
of m = 2 has been found at very low temperatures. Otherwise 
all the glasses have values less than one. At lower 
frequencies these curves deviate from linearity which 
depends on the relaxation process of the material as 
suggested by eqn. (26). 

4.4 Dielectric Constant Measurements; 

The real and Imaginary parts of the dielectric 

constants were calculated as described in Section 3.7.2. 

The values have been plotted for the glass no, 1 in the 

f' versus temperature curve (fig. 15). It is compared with 

( 6 ) 

the curve reported by Sayer and Mansingh^ , They show an 
overwhelming similarity, except for at low temperatures , 
the high frequency values increase. This is thought to 
be due to some differences in the a.c. conductivity 
measured. The lower frequency curves have a sharper peal:, 
which broaden at higher frequencies. The peaks for higher 
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frequencies occur at higher temperatures. These facts are 
similar to that observed by Sayer and Mansingh. These 
facts prove the reliability of the present measurements. 

The e' and e" have also been plotted (figs. 16, 

17) as a variation with frequency. The dispertion of 
is of the order of 1-5> which is found to decrease with 
decrea.sing temperature. 

The frequency (max) has been plotted as a function 
of temperature (fig. 16). This gives an activation energy 
of ^ = 0.158 ev. Rising the relation t = exp(- 0/kT)J . 

The variation of e’ and e" with frequency for the 

glasses 3, 4 and 7 have been plotted in the figures 18 to 

22. It has been observed that the value = e - e<o 

o 

increases with the addition of silver or bismuth, drasti- 
cally. 

Using equation (25) an estimation of the disorder 
activation energy was made in the glasses 1, 3 and 7. They 
have been tabulated in Table 8. 

It is known that = % = ^^/4 where 

rp = ^ Cir/6) from this equation the constant % 

were found and hence the rp - the polaron radius was 
calculated (Table 9)- Austin and Mott^^^^ found that W 4, 
remains a constant in vanadate glasses. 
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Using the relation = A e„ suggested by Uester 
o.nd Kingery ^ , ihe constant A for vanadate glasses and 
for the glasses containing silver/bismth were calculated. 

I'm estimation of e„ was done from the values of A, for the 
glasses 2, 5 and 6 also. 

The radius of the polaron calculated seems to 
decrease with, the addition of silverAismuth. This tallies 
with o\n? calculation from d.c. conductivity. 

4.5 Optical Properties: 

The absorption coefficient ( '^) was calculated as 

described in Section 3.9. The plots of (hva)"*^^ versus 

energy is given in figure (25), for the vanadate glasses 

containing silverAismuth. A simila,r measurement for the 

glass 1 could not be made because of difficulties in 

blov/ing a thin film. So the results are compared with 

( 3 ) 

the glass 1 curves reported earlier by Austin . A peah 
was observed at 3.5 ev for glass 4, 3.6 ev for glass 3 and 
4 ev for glass 5. 

Klinger^^^’"^^^, Reik'cnd. Heese^^^^^ have shown 

that 

/ V / 2^ sinh (i!ito/2kT) 

a(u)) = a(0) exp(-u -fi ' a/jkT (47) 
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where 

This predicts: a peak at hui = 4 Wtt* 

In glasses 7\rith the same composition as glass 1 
peaks have been observed at 1.8 ev which is approximately 
4 times 0.319 ev the observed Yfg at high temperatures. 
However in glasses with silver/bismuth the peak observed 
was at much higher values compared to 41j^ (Table 10). 

4*6 Switching Properties: 

Switching was studied in vanadate glasses conta™ 
ining silver/bismuth, both in the bulk form as well as in 
the thin film form. Switching wras not observed in the 
glass 1 and 2 even at very high tempera.tures (250°C). It 
was also not observed on hydrogen reduced surfaces of thes 
glasses. 

Glass 3 and 4 vvere studied for switching. The 
glass 4 had memory switching characteristics as given in 
figure 27. However these switching properties were 
destroyed due to thermal cycling (also see Table 1 1 for 
OPP and OH state resistances). The switching voltage 1 
increased with increasing temperature exponentially as 
shown in figure 35* 
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Glass 7 was studied in the bulk form and the 
typical curves are shown in figure 28. They had memory 
type switching properties at higher temperatures and had 
threshold type sr/itching properties at lower temperatures. 
The switching was not destroyed due to thermal cycling and 
the characteristics remained similar. At room temperature 
after the thermal cycling a memory sv/itching was observed 
from P= 6.7 X 10 cm to 6.0 x 10"^ cm.With this OH 
state as the primary state, another switching of the 
threshold type was observed to 3.0 x 10''fi cm (fig. 28.2). 
This threshold switching was observed for millions of 
times, using the pulse method, on an oscilloscope. The 
switching was found stable and did not decay with time 
(observation w^as done for 2 days). The observation at 
different applied voltages have been recorded in fig. 29. 

The threshold voltage for the memory switchings 
have been drawn as a function of temperature. It seems to 
increase with temperature similar to that in glass 4. 

Glass 5 vms studied in the thin film form. 

Memory switching was observed after the first thermal 
cycling was done. Stable memory switchings were observed 
at higher temperatures. This memory type switching 
slowly turns to the threshold type of switching below 
70°C. The periodical curves are given in fig. 30. At 
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rooia temperature (30°C) , it shows a clear threshold 
sv/itching which has a stable negative resistance region. 
Negative resistance observed was (- 38 n ). This character 
was repeated again for millions of times by usi rg pulse 
method (figures 31 and 32). Just to make sure this was 
not accidental, the measurements 7/ere repeated for an 
another glass of the same composition and of a higher 
thickness. Except for a change in switching voltage which 
occurs due to the thickness, the character of switching 
was foimd very much reproducible. The threshold voltage 
was drawn as a function of temperature (fig. 33) both for 
the threshold and memory type of switchings . 

Eor the threshold switching the temperature 
decreases with increasing temperature. But for the memory 


type, the increases with temperature, as found in 
glass $ and 7 (bulk) . The becomes zero at 68°G for 
the threshold type of switching in glass 5. 

Glass 6 was also studied in the thin film form. 


The figure 33 gives the as a function of temperature 
which show an increase with temperature. 


Both in glass 5 and 6 the ON state resistances 


ranged from 10 to 50 ohms. 



51 


CHilPTER 5 
DISGUSSIOR 


5.1 Electrical Gonductivi'ty : 

The total activation energy drops to the disorder 
activation energy in all the glasses. 

Glass^-. ' 3 shov/s a two step freezing. The 
activation energy versus temperature curve shows a hiimp at 
110°K (this effect occurs only at low temperatures because 
it is the part affected more by the disorder) , This could 
be explained by the following model. 

Although it has been assumed hitherto that the 
silver precipitates as silver particles, there is a finite 
possibility that it may go into the matrix as ions. This 

'Z 

is supported by the number of atoms/cm^ which rises only 

m 

in the case of glass 3j and also the radius of the polaron 

(Pp = 4.15 A) which is greater than in glass 1 (rp = 

0 

1.732 A). The first freezing in glass 3 could be due to 
the freezing out of the electron hopping between silver 
ions and vanadiim ions. The second freezing could be due 
to freezing of electron hopping assisted by optical 
phonon between the different valent vanadium ions. The 

■ ■ -z 

number of atoms/cm participating in the hopping after 
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the first freezing (H = 87 x 10 ^^ atoms/cm^ ) is greater 
than after the second freezing (1 = 37.1 x 10 ^^ atoms/em^). 
This shows that the silver ions participation ceases at 
lower temperatures, i.e. electrons would not accept silver 
as a site for hopping at lower temperatures. 

The total conductivity observed is due to a 
mixed affect arising from the hopping of electron between 
the different valent vanadium sites and silver. However 
this model needs confirmation from more experiments on 
silver containing glasses as well as the electron micro- 
scopic studies. 

There are different possibilities of the same not 
occurring in the glass 4 ?/ith a higher percentage of 
silver. They are: 

( 1 ) Glass 4 contains lesser percentage of 1^2^51 
possible that the interaction between the vanadium 
ions and the silver ions are submerged in the total 
conductivity. 

(2) The tv/o processes may freeze out simultaneously. 

( 3 ) The silver ions may not be present. 

To identify the same more data is necessary on similar 
glasses. Glasses containing bismuth also do not show 
any such double freezing effects. 
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It has been observed that the random potential 
(aAR) at lower temperatures (100®K), generated due to the 
fluctuations in R - the site spacing, increases with the 
increase in silver content. So the effects due to silver 
must be predominent in the case of glass 4. 

In the case of bismuth containing glasses 
(aAR)^QQQ^ is greater than AR)5oooK* possibly 

why the calculated from C is greater in bismuth 

containing glasses than the others, 

5.2 A.C. Conductivity: 

Por the freq.uency dependence of a.c. conductivity 
a hopping process model has been proposed by Jonscher^^^^ 
which gives 

P F 

0(03) “ Am I (.4-8) 

mil 

where, t is the number of hops. This model for an 
^ m 

infinite sequences of events gives a a(to) “ to' where m has 
a value between 0 and 1 depending upon the temperature. 

It has been seen that*' no values of exponent ’m' 
greater than unity can be generated by physically plausible 
sequences of events t^^^, with the exception of m = 2. 
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It has also been shoTO by experimental eridence that m 
greater than 1 is not possible. The value of 2 for m can 
arise due to any sequence of a finite number of hopping 
events terminating at a time 

A finite chain of identical steps with one 
electron on it gives a limited rise to a limited sequence 
of hops which ceases when the carrier has reached the end 
of the chain, ffe would therefore expect a w dependence as 
was found theoretically by a different argument by Beeby 
and Hayes Experimentally such a hopping has been 

found in polymeric CS 2 by Chan and Jonscher^'^^^ . 

looking at the ■ present results all the glasses 
except glass 4 have shown the frequency dependence with 
m less than 1. This is also in accordance with the eqn. 
(26), At lower frequencies the curve deviates from 
linearity depending on the relaxation process. 

In glass 4, however, at the temperature 116°K, at 
high frequencies a dependence of m = 2 has been found. At 
higher temperatures m less than 1 dependence is shown. This 
can be explained from the above discussion that a finite 
number of hops exist . 

This can occur because of the high concentration 
of silver as was expected from the calculations of a/2kT 
(Section 5. 1 ) . How let us assume that there are chains of 
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silver particles in the ^20^ - ^ 2 ^^ matrix. We have shown 
from the d.c. conductivity that there exists a mixed hopp- 
ing. At lower temperatures (as low as 100°K) the - 

5+ 

¥ hopping would cease. But still the electron can 
easily move in the chains of silver particles. Probably 
this is what that arises the m = 2 a.c. conductivity 
dependence, at higher frequencies and lower temperatures. 
This proves the already made assumption that silver 
particles actively participate in the hopping process. 

5.3 Dielectric Constant Measurements; 

The glass 1 shows peaks in s'* v/hich move to higher 
temperatures as the frequency- increases. They have values 
ranging from 1-10. 

Glass 3 shows e’ and e" values higher than in 
glass 1. The e" variation does not show any peaks. e’ 
values range from 1-50. 

Glass 4 has still higher values (10 - 10 ) of e' . 

Glass 7 has also shown veiy high values of e’ and e" . 

To confirm that they were not due to any contact 
polarization effects the capacitance values were plotted 
as a function of frequency. Except glass 4 which shows a 
comparatively large dispersion at high temperatures, the 
gold contact on all the glasses doss not show any space 
charge polarization (fig. 24). So the cause for such 
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high values of e' sud e'* were thought fo be due to the 
silver/bismuth particles embedded in the glass matrix which 
give a Maxwell-Wagner polarization. However a quantitative 
calculations cannot be done here since the size of the 
particles and their existence are not known, kor such an 
analysis the electron micrographs of the glasses are 
necessary, f 

The peaks in the e" can be calculated from the e' 
values obtained from the Kramers-Kronig relations as 

(49) 

described by Lovell . 

5.4 Optical Properties: 

They show peaks at energies greater than 41pi 
contrary to that expected in vanadate glasses. In deriving 

(39) 

the expression -hw = 2Vfp = 4Wg an assumption has been made ^ ^ 

that the overlap integral (J) is small. But without assuming 
the same, we get 

"ftui = 2Wp — 

Our observation shows that the overlap integral seems to 
increase with the addition of silver/bismuth. This is in 
accordance with the tunnel term (VSkT) calculations. 

However an exact calculation is difficult to make at 
present. 
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5.5 Switching Properties t 

The switching observed in all the glasses were 
due to the existence of silver/bismuth particles, since they 
were not observed in the base glasses 1 and 2. Mo memory 
switching has been reported in the vanadate glasses hitherto, 
this also goes to prove the switching are due to the 
existance of silver/bismuth particles. 

In all the cases the threshold voltage of the 
memory switching increases with temperature. The memory 
switching could be due to two possibilities, 

( 1 ) Pormation of crystalline material in between the 
particles. 

(2) Formation of filaments with a chain of silver/bismuth 
particles . 

The second possibility seems to be more adequate since such 
a chain formation was detected in the a.c. conductivity 
measurements in glass 4. 

The increase in threshold voltage for memory 
switching with temperature is probably because with 
increasing temperature disorder in the material increases 
and a chain formation becomes more difficult and hence a 
higher voltage is necessary for the formation of filaments. 

In glass 7 and 5 threshold switching was 
observed at lower temperatures. The threshold voltage for 
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tiMcetthre^hold switching in glass 5 shows a decrease with 

increasing temperatures and cuts off at 68°C. This is 

exactly similar to the observation made in vanadate glasses 

by Reegan and DraJce^^^^. They have shown that with a 

proper selection of ratio (range of 10-27?5) threshold 

voltage 

switching can be observed. The threshold/in their case also 
decreases with increasing temperature cutting off at 68°C. 
They also found that the thermal expansion has a discontin- 
uity in the thermal expansion versus temperature curve at 
68°0. Rrom this it was suggested that some interaction 
betv\feen VOg oc'tahedra takes place at 68°C. They did not 
observe any change in the character of switching with the 
addition of different oxides of metal. 

The above observation by Reegan and Drake suggests 
that the threshold sv/itching in glass 5 was due to the 
base glass and has nothing to do with the bismuth particles. 
The threshold switching was observed in glass 5 and not in 
glass 1 and 2, possibly because the addition of Bi^O^ has 
changed the oxygen state so as to lie within the range in 
which one can expect a threshold switching. 

The memory switching fomd in these glasses and 
the change in the threshold voltages as a f-unction of 
temperature in contrary to the observation of Reegan that 
the addition of oxides does not change the character of 
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switching, suggests that the bismuth do not go as ions in 
these glasses, but are present as neutral particles. 

At room temperature a threshold switching was 
observed with negative resistance. This arises as a combi- 
nation of the memory as well as threshold charachter. This 
suggests that from a proper combination of the base glass 
and the percentage of bismuth added one could produce a 
glass having the required character of switchijag. 

In the silver containing glasses (glass $) the 
switching was not stable and were also destroyed in thermal 
cycling. Hence they are not thought as a prospective 
material for switching purposes. This is probably because 
the silver has relatively high melting point and hence it 
is difficult to form filament out of these particles under 
the present experimental conditions. 

The resistances in, OH state was less than 50 ohms 

in most of the cases when measurements were done on thin 

2 

films. In the case of bulk glasses it ranged from 10 to 
10^. ohms. This is possibly because, in bulk glasses the 
filaments and the matrix behave as a composite and the 
effective resistance is observed, and in the thin films 
possibilities of single filaments between the electrodes 


exist . 
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Although various experimental evidences show 
that bismuth is present as neutral particles in the glass 
matrix, this needs confirmation by electron microscopic 
investigation. 

The present studies also show that the material, 
vanadate glasses incorporated with bismuth particles can 
be exploited as a switching material for suitable commer- 
cial applications. 
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GHiiPTER 6 
CONCLUSIONS 

The following conclusions were drawn from the 

present investigations s 

(a) The d.c. conductivity measurements shew a lo'wering 
of conductivity with the addition of silver/bismuth j 
contrary to the earlier observation with metal oxide 
additions , 

(b) The long rarge tunnelling of electrons increases with 
the addition of silver/bismuth. 

(c) The glass with the composition (75P2^5» ‘^5PpO^, lOAg) 
shows in the a.c. conductivity variation with 
frequency measurements a possibility of silver 
particles linking up to form chains at lowest 
temperatures . 

(d) The high temperature activation energies calculated 
from dielectric measurements agree reasonably with 
those estimated from d.c. conductivity measurements. 

(e) The polaron radius (rp) calculated both from the 
d.c. A nd a.c. conductivities show a decreasing 
tendency with addition of silver/bismuth. 
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(f) Optical absorption studies also indicate an increase 
in the overlap integral (J) with the addition of 
silver/bismuth. 

(g) Sv/itching studies indicate strong possibilities of 
getting reproducible switching devices with the 
addition of bismuth'. 

(h) The switching mode depends on the temperature of 
operation. 

(i) A negative resistance device, purely threshold 

switching device, threshold switching with negative 
resistance and memory sv/itches coiild be produced 
with a proper combination of the ratio in 

the base glass and the mole percent of bismuth added, 
keeping in mind the temperature of operation. The 
change in resistance between the OH state and the 
OI'T' state can be controlled by the thickness of the 


material. 
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Table 1 

The chemical compositions of the glasses chosen 
for the present investigation 


f 

! 

G-lass No . 1 

Composition of 

(in mole percents) 


t 

1 

1- 

hO? 

’ P 0 

\ 25 

! % 
t 

1 

t 

! 

t 

Bi 

1 

80 

20 



— 

2 

70 

30 

- 


- 

3 

80 

15 

5 


.■ - 

4 

75 

15 

10 


- 

5 

80 

15 

- 


5 

6 

75 

15 

- 


10 

7 

70 

15 



15 




Table 2 


The 

stable compounds 

belonging to the V-0 

system 

Oxide 

f 

{ Crystalline 

5 structure 

f . - 

1 

} Theoretical , 

{ density g/cm^ 

t 

Melting 
poiat TOC 

VO 

Cubic 

5.23 

2050 

V 2 O 3 

Hexagonal 

4.87 

1970-2000 ■ • 

VO 2 

Tetragonal 

4.65 

1545-1640 

V2O5 

Orthorhombic 

— 

609 



The data from chemical analysis and density measurements 
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Table 4 

Total activation energy (0 in ev) as a fxanction of temperature 
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Pax'BittB’tBirs c3lGulQ'*t9d fi'om d*c« conduct ivi'ty moasuponiBn'ts 
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Table 6 

Siurface conductivity measurements 


— r 
1 

Glass J 

Uo 

" ' ■ ■ ' t ' . 

t 

♦ of. hours } 

Act, energy 

f , ■ ■ ' 

{ Act, energy (ev) 

no • { 

t 

--.1 

of 

redn \ 

iC 1 

f 

(ev) 

{ (Bulk condty. ) 

1 

f... . 

1 


4 

0.2105 

0.319 

2 


4 

0.182 

0.258 ■ 

3 


4 

0.100 

0.215 

6 


4 

0.16 

0.370 

7 


4 

0.1575 

0.338 




Table 7 


B from 

a ♦ 0 • 

conductivity variation with frequency 


j 

! 

Glass no* { 

1 

. 

I 

Temperature, T°K { 

\ 

, - - 1 

M 

1 

212 

0.725 

3 

130 

0.8 

3 

272 

0.00525 

4 

116 

2.0 

4 

132 

0,95 

7 

142 

0.675 


7 


344 


0.125 
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Cable 8 

Activation energy from vs. loVc curves 


Glass no. 

I 

{ ev 

_j 1 

ev 

(fi*om d.c. conductivity) 

1 

0.043 


0.0173 


3 

0.0157 


0.0129 


7 

0.0956 


0.036 




Table 

9 


Radius of 

the polaron from dielectric constant 

measurements 

Glass no . 

t 

! e 

f 00 

f 

1 

f 

i Wg ev 

.1 

t 

I 

t w e 

{ ^ 

t 

X 0 

! A 

1 

4.39 

0.319 

1.395 

2.28 

3 

11.7 

0.2155 

2.57 

1.56 

7 

6.384 

0.338 

2.16 

, 1-855 


Cable 9 contd. 
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Table 9t 

Approximate calculation of 


t 

! 

Glass } 

no . 1 

1 

- 

% i 

1 

1 

- - , , - -. 1 - 

A = Wg/ ev j 

f 

- - - - - 1 

^ ^calc . 

1 

0.319 

0.073 

4.39 (obs.) 

2 

0.258 

0.073 

3.52 

3 

0.2155 

0.0184 

11.7 (obs) 

4 

0.296 

0.0184 

16.1 

5 

0.248 

0.053 

4.68 

6 

0.370 

0.053 

6.99 


7 


0.338 


0.053 


6.384 (obs) 
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Table 10 

Optical absorption edge 


Slass no. 



Absorption edge , E 


4 

- 

1.45 

4M 

3.5 

1.55 

3 

3.6 

1 .75 

5 

3.0 

1.85 

6 


1.75 


Table 11 


Switching data of glass 4 (bulk form) 


(memory) 1. 

I 

in volts } 


Resistivities (in ohm-cm) 


3.65 


18.0 


24.0 


OEE state 


2.225 X 10' 
1.625 X 10- 
1.38 X 10^ 
5.00 X 10^ 
2.63 X 10^ 

3.33 X lo"^ 


01 state 
0.946 X 10 ^ 

3.5 X 10^ 
2.63 X 10^ 

1.28 X 10 ^ 
5.0 X 10 ^ : 

4.12 X 10^ 


64.0 


1.925 X 10 


3.82 X 10‘ 


















Description of the figure 8 

Pig. 8,1: Serial no. Glass no. v = 


1 1 0.185 

2 2 0.0355 



0.0854 

0.1573 

0.0794 


0.1675 

0.2010 


Pig. 8*3! 


Serial no. 
1 
2 


Chemical composition 
BaO - VgO^ - P 2^5 
Na20 - BaO - 


3 

V - Vs 


4 

Vs - Vs 

“ iig 

5 

Vs - Vs 

- Bi20 


( 6 ) 


The curves 1 and 2 are from Sayer and Mansingh’s paper 
The present data is shown in the curves 5, 4 and 5. 
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